Both schizophrenia (SZ) and substance abuse (SA) exhibit significant heritability. Moreover, N-methyl-D-aspartate receptors (NMDARs) have been implicated in the pathophysiology of both SZ and SA. We hypothesize that the high prevalence of comorbid SA in SZ is due to dysfunction of NMDARs caused by shared risk genes. We used transgenic mice with a null mutation of the gene encoding serine racemase (SR), the enzyme that synthesizes the NMDAR co-agonist D-serine and an established risk gene for SZ, to recreate the pathology of SZ. We determined the effect of NMDAR hypofunction resulting from the absence of D-serine on motivated behavior by using intracranial self-stimulation and neurotransmitter release in the nucleus accumbens by using in vivo microdialysis. Compared with wild-type mice, SRÀ/À mice exhibited similar baseline intracranial self-stimulation thresholds but were less sensitive to the thresholdlowering (rewarding) and the performance-elevating (stimulant) effects of cocaine. While basal dopamine (DA) and glutamate release were elevated in the nucleus accumbens of SRÀ/À mice, cocaine-induced increases in DA and glutamate release were blunted. γ-Amino-butyric acid efflux was unaffected in the SRÀ/À mice. Together, these findings suggest that the impaired NMDAR function and a consequent decrease in sensitivity to cocaine effects on behavior are mediated by blunted DA and glutamate responses normally triggered by the drug. Projected to humans, NMDAR hypofunction due to mutations in SR or other genes impacting glutamatergic function in SZ may render abused substances less potent and effective, thus requiring higher doses to achieve a hedonic response, resulting in elevated drug exposure and increased dependence/addiction.
INTRODUCTION
Substance abuse (SA) disorders are highly prevalent in individuals with schizophrenia (SZ), a disabling mental disorder that exhibits high heritability (∼80 percent) and affects 1 percent of the population worldwide (Perälä et al. 2007) . Excluding caffeine dependence, studies have reported that people with SZ are 3-6 times more likely to have a SA disorder than the general public (for review, Coyle 2006) . For example, nearly 90 percent of individuals with SZ smoke cigarettes heavily, more than 3 times the rate in the general population. Nearly 50 percent are addicted to alcohol, followed by cannabis and cocaine as the most abused agents (Green 2007) . Thus, SA susceptibility in SZ appears to comprise all classes of abused agents including nicotine, stimulants, depressants (alcohol) and cannabis. Critically, clinical data show that SA is associated with poor outcomes in SZ, most likely because of poor compliance in treatment, exacerbation of psychosis, homelessness, more frequent hospitalizations and violence (Erkiran et al. 2006) and because SA increases the cost of care (Green 2007) . These adverse consequences point to the pressing need for a better understanding of factors that may contribute to comorbid SA in SZ, which will facilitate the identification of more effective treatments.
Mounting evidence from genetic, post-mortem and pharmacologic studies strongly indicate that glutamatergic dysfunction, especially decreased activity of Nmethyl-D-aspartate receptors (NMDARs), is a core pathophysiologic feature of SZ (Coyle, Tsai & Goff 2002; Javitt 2007; Balu & Coyle 2015) . NMDAR hypofunction is thought to be due, at least in part, to decrease availability of the forebrain NMDAR co-agonist, D-serine and the effects of other risk genes whose proteins cluster around the glutamatergic synapse (Balu & Coyle 2015) . In fact, patients with SZ exhibit decreased levels of D-serine in cerebrospinal fluid and serum (Hashimoto et al. 2005) , and adjunct treatment with D-serine has been shown to reduce the positive symptoms, negative symptoms and cognitive impairments of the disorder (Coyle 2006; Tsai & Lin 2010) . There is also evidence of downregulation of the cortical fast-firing, parvalbumin-positive γ-aminobutyric acid (GABA) interneurons, resulting in the disinhibition of glutamatergic pyramidal neurons (Benes & Berretta 2001) , and a hyperglutamatergic state (Lisman et al. 2008 ) is a consequence of NMDAR hypofunction and likely contributes to the negative symptoms and cognitive impairments that are hallmarks of the disease.
The NMDARs also have been implicated in neuroplastic changes underlying addictive behaviors (Hopf 2017) . Specifically, modulation of the mesocorticolimbic dopamine (DA) system (the circuit in the brain responsible for reward processing) by glutamatergic inputs from cortical and subcortical regions appears to regulate both rewarding and aversive mood states, which may drive maladaptive drug-seeking behaviors (see Carlezon & Thomas 2009 for a review). Furthermore, extinction of both cocaine-induced conditioned place preference (CPP) and cocaine self-administration has been shown to be NMDAR-dependent and can be enhanced by treatment with the partial glycine modulatory site agonist D-cycloserine (Thanos et al. 2011) or D-serine (Kelamangalath & Wagner 2010) . Of interest, several clinical studies have demonstrate that the atypical antipsychotic clozapine reduces cigarette smoking, cocaine abuse and alcohol consumption in patients with chronic SZ, effects that are unique to clozapine (Green 2007) . Both clinical and preclinical research strongly suggests that the 'je ne sais quoi' of clozapine's effects on negative symptoms and, likely on SA, is through enhancement of NMDAR function (Coyle & Tsai 2004) . Furthermore, clozapine exhibits a pattern of cortical cfos expression that mirrors that of the NMDAR glycine modulatory site partial agonist D-cycloserine (Kinney et al. 2003) . Taken together, such findings have led to the view that NMDAR function has a broad influence on the development and maintenance of addictive behaviors.
Our laboratory has focused on the serine racemase (SR) gene SRR, now an established risk gene associated with SZ (Ripke et al. 2014) , as a plausible mediator of NMDAR hypofunction in cortico-limbic regions of the brain. SR converts L-serine to D-serine. Genetically silencing srr in mice (SRÀ/À) results in an~85 percent reduction in brain D-serine levels (Basu et al. 2009 ) and produces a phenotype, sharing many features with SZ including structural, neurochemical and cognitive abnormalities that closely resemble those observed in humans with SZ (Balu et al. 2012 (Balu et al. , 2013 Puhl et al. 2015; Steullet et al. 2017) . Notably, most of these deficits can be normalized by treatment with exogenous D-serine or with an mGluR5 positive allosteric modulator (Balu et al. 2013 (Balu et al. , 2016 . Also, an immunohistochemistry study demonstrated that more than half of the D-serine positive neurons in the neocortex and hippocampus of SRÀ/À mice are GABAergic interneurons (Balu et al. 2014) . The SRÀ/À mice also exhibit a downregulation of PVexpression of the cortical GABAergic neurons that is reversed by D-serine (Steullet et al. 2017) . Together, these studies have established the genetic construct validity of the SRÀ/À model for SZ.
With regard to addiction, SRÀ/À mice exhibit a reduced ability to extinguish conditioned responses to amphetamine-associated stimuli and a failure to reverse amphetamine-induced synaptic changes in nAcc (Benneyworth & Coyle 2012) . Moreover, alteration of NMDAR co-agonist availability either via genetic manipulation or pharmacologic treatment affects cocaineinduced CPP (i.e. extinction learning and cocaineinduced reinstatement) and locomotor sensitization (Puhl et al. 2015) . Such results provide evidence for the idea that the SRÀ/À mouse model for NMDAR hypofunction may provide a novel and useful means for delineating neurobiological and behavioral factors that play a key role in SZ and comorbid SA.
The present research was conducted to further evaluate the neurobiological and behavioral effects of the psychomotor stimulant cocaine in SRÀ/À and wild-type (WT) mice to determine how this SZ risk genotype influences cocaine's actions on brain reward mechanisms and addiction liability. The mutations affecting the NMDAR in SZ-like SR might increase the hedonic effects of cocaine, thereby increasing the risk for SA. Or, counter-intuitively, the mutations could reduce the hedonic response, thereby requiring higher doses to achieve a hedonic response, thus increasing the risk of dependency. First, we employed intracranial self-stimulation (ICSS) in SR homozygous knockout (SRÀ/À) and WT mice to determine the cocaine-induced changes in the reward threshold measured as current and/or frequency and maximum rate of responding. ICSS can serve as a highly sensitive assay of hedonic state in rodents (Markou & Koob 1991; Carlezon & Chartoff 2007) and has been successfully used to examine how molecular and genetic manipulations can alter reward-related effects of brain stimulation and drugs of abuse (Donahue et al. 2014) . Next, to determine whether changes in rewarding behavior may be accompanied by alterations in neurotransmitter release, we used in vivo microdialysis to measure DA, glutamate and GABA efflux within the addiction-related brain region nucleus accumbens in freely moving SRÀ/À and WT mice at baseline and following administration of cocaine.
MATERIALS AND METHODS

Transgenic mice
SRÀ/À mice (backcrossed onto a C57Bl/6J background for >10 generations) were bred in-house by crossing heterozygous (SR+/À) male and female mice. Homozygous (SRÀ/À) offspring expressed the SR gene with exon 1 (encoding the catalytic domain of the enzyme) deleted (Basu et al. 2009 ). WT littermates also were used for the SRÀ/À strain. Prior to behavioral and neurochemical experiments, the animals were group-housed with littermates in polycarbonate cages and maintained on a 12:12-hour light/dark cycle in a temperature-controlled (22°C) and humidity-controlled vivarium. Male mice were used in all experiments because of the sexual dimorphisim of the SR-/-phenotype (Basu et al. 2009 ). Food and water were available ad libitum. All animal procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, 2011) and were approved by the McLean Hospital Institutional Animal Care and Use Committee.
ICSS procedures
The mice (approximately 2 months old) were anesthetized (ketamine 80 mg/kg and xylazine 10 mg/kg; i.p.), and monopolar-stimulating electrodes were stereotactically implanted in the medial forebrain bundle (in mm from bregma, anterior-posterior: À1.9, mediolateral: À1.0, dorsal-ventral: À5.0 below dura, according to the atlas of Paxinos & Franklin 2001) . Following ICSS electrode implantation surgery, the animals were individually housed and allowed a 1-week recovery period. Thereafter, all mice were trained to respond for brain stimulation by spinning an operant wheel during daily 1-hour sessions over the course of 2-4 weeks (Muschamp et al. 2012) . Stimulation frequency was fixed at 141 Hz, and stimulation current was adjusted to the lowest value that would support stable responding (i.e. one quarter wheel turn, which translated to one brain stimulation reward, per second). After identifying this minimum current for each mouse, the current was held constant during subsequent training sessions, where the mice were allowed to respond to 15 stimulation frequencies presented in descending order (0.05 log10 unit steps) during fifteen 50-second trials. Each trial was preceded by a 5-second priming period, during which noncontingent stimulation was given at the frequency used for that trial. Also, each trial was followed by a 5-second timeout period, during which responding was not reinforced. Responding was recorded during each 50-second trial in each set of 15 trials (termed a 'pass'). The range of frequencies was adjusted over the course of training for 4-6 weeks, so that the mice responded through the highest six to seven frequencies stably over six passes (90 minutes of training). The lowest frequency that supported responding (ICSS threshold or T 0 ) was computed with least-squares line of best-fit analysis (Carlezon & Chartoff 2007) . When the animals were observed to have stable mean ICSS thresholds (<10 percent variability over three consecutive days), the effects of vehicle and different doses of cocaine (3-12 mg/kg) were determined on ICSS threshold. The mice responded through three passes immediately before drug treatment, and thresholds from the second and third passes were averaged to obtain the baseline (ICSS threshold and maximal response rate) parameters. Each mouse then received either vehicle or cocaine (3-12 mg/kg) and was tested for three passes. The mice were treated with vehicle or each dose of cocaine twice, in ascending then descending order, with a minimum of 2 days between treatments.
In vivo microdialysis procedures
Wild-type and SRÀ/À mice were anesthetized (120-mg/ kg ketamine and 16-mg/kg xylazine; i.p.) and placed into a mouse stereotaxic apparatus (Stoelting Co., Wood Dale, IL, USA). An incision was made to expose the skull, and a small (2-mm in diameter) hole was drilled in the skull either on the left or right side of the mouse brain to expose the dura. The mice were then implanted with a concentric dialysis probe (see succeeding texts) that was continuously perfused with saline, while secured in a CMA/10 clip (CMA/Microdialysis AB, Solna, Sweden) on a stereotaxic holder. Based on previous studies and the Paxinos & Franklin (2001) mouse brain atlas, the dialysis probe was aimed at the nucleus accumbens (shell/core coordinates: anterior: +1.3-1.5; lateral: ±0.6-1.3; vertical: À4.9 to 5.1; A and L millimeters from bregma; V millimeters from dura; Mereu et al. 2015) and, once implanted, secured to the skull by using dental cement (GlasIonomer Cement CX-Plus, Henry Schein, Melville, NY). Following surgery, the mice recovered overnight in hemispherical CMA-120 cages (CMA/Microdialysis AB, Solna, Sweden) equipped with fluid swivels (375/D/22QM; Instech Laboratories Inc, Plymouth, PA) for connection to the dialysis probes.
Concentric dialysis probes were assembled with AN69 dialyzing membranes (Hospal Dasco, Lyon, France) as described previously (Desai et al. 2010) . Briefly, two 4-cm pieces of silica-fused capillary tubes (serving as an inlet and outlet tubing of the probe) were inserted into a 22-gauge stainless steel needle and fixed into place by using glue. The inlet and outlet tubing were, respectively, set at 6 and 5 mm from the tip of the needle and inserted into a 4-mm capillary (0.25-mm external diameter) AN69 dialyzing membrane that was enclosed with a drop of glue; the inlet tubing was set at approximately 0.1 mm from the closed end of the dialyzing fiber. Next, the dialyzing membrane was fixed to the inlet and outlet tubing with glue that limited the exposed dialyzing surface of membrane to the lower 1-mm of probe, i.e. the space between the inlet and outlet not covered by glue.
Microdialysis studies were performed on freely moving mice in the same CMA-120 cages in which they recovered overnight following surgery. Approximately 20 hours after surgery, dialysis probes were connected to fluid swivels, and Ringer's solution (147.0-mM NaCl, 2.2-mM CaCl2 and 4.0-mM KCl) was delivered at a constant flow rate of 2.5 μl/min, through the probe by using a 2.5-ml syringe (Hamilton Co., Reno, NV) controlled by CMA 402 Syringe Pump (CMA/Microdialysis AB). Dialysate sample collection began approximately 1 hour after the pump was started, and 50-μl samples were collected every 20 minutes thereafter. DA, glutamate and GABA efflux were analyzed as described in the succeeding texts. Cocaine or saline was administered after six baseline samples were taken approximately 3 hours after initiating delivery of Ringer solution, and DA levels had stabilized, i.e. less than 10 percent variability between the last three samples. Beginning 30 minutes after the saline injection, incremental cumulative doses of 3.2 to 56-mg/ kg cocaine were administered every 30 minutes, permitting the evaluations of up to four cumulative doses during a single test session to attain complete withinsubject dose-effect functions. Sampling continued every 20 minutes for 2 hours after the final cocaine injection. The mice were used only once.
DA was quantified by injecting 10 μl of the dialysate samples, without purification, into a high-performance liquid chromatography system consisting of a 150 × 3.2-mm chromatographic column (particle size 3.0 μm; ESA Inc., Chelmsford, MA) and a coulometric detector (Coulochem III; ESA, Dionex, Sunnyvale, CA). Oxidation and reduction electrode potentials of the analytical cell (5014B; ESA Inc.), respectively, were set at +125 mV and À175 mV. The mobile phase consisting of 100-mM NaH 2 PO4, 0.1-mM Na 2 EDTA, 0.5-mM noctyl sulfate, and 18 percent (v/v) methanol (pH adjusted to 5.5 with Na 2 HPO 4 ) was pumped at a flow rate of 0.6 ml/min by an ESA 584 solvent delivery module. Assay sensitivity for DA was 2 fmol/sample. The remaining 40-μl dialysate sample was mixed with 10 μl of 10 percent trichloracetic acid, and then processed through three vials, each containing 200-μl diethyl ether to neutralize the acid. The samples were then divided into 20 or 25-μl samples to, respectively, quantify glutamate (samples frozen immediately on dry ice and stored in À80 freezer until ready to be analyzed) or GABA according to Donazanti & Yamamoto (1988) . Briefly, stock solutions of glutamate and GABA were prepared in Ringer solution (see preceding texts), and 40 μL of each standard was mixed with 10 μL of 10 percent trichloracetic acid. A stock solution of o-phthaldialdehyde (OPA)/2-mercaptoethanol (βME) derivatizing reagent was prepared by dissolving 27-mg OPA in 1 ml of a 1:1 mixture of methanol and HPLC grade water (27 mg/ml), and 5 μL of βME and 9 mL of tetraborate buffer (0.1 M sodium tetraborate; pH 9.3) were then added. The working derivatizing reagent was freshly prepared by diluting 2.5 ml of OPA/βME derivatizing reagent with 7.5 ml of 0.1 M sodium tetraborate buffer. Both glutamate (20 μl) and GABA (25 μl) samples and standards (before, during and after each mouse) were mixed with 15 μl of derivatizing reagent and analyzed by using a Waters Xterra MS column (2.5 μm; 50 × 3.0 mm; Waters, Milford, MA, USA), an UltiMate 3000 WPS autosampler and a coulometric detector (Dionex Coulochem III; Thermo Scientific). Oxidation and reduction electrode potentials of the analytical cell (5014B; ESA Inc.), respectively, were set at +150 mV and +550 mV. The mobile phase consisted of 100-mM Na 2 HPO 4 , 20 percent methanol (v/v) [adjusted to 13 percent methanol (v/v) to quantify glutamate] and 3.5 percent acetonitrile (pH adjusted to 6.7 with phosphoric acid). Assay sensitivity for glutamate and GABA was 0.6 pmol/sample and 0.2 pmol/sample, respectively.
After completion of the experiment, the mice were euthanized with pentobarbital (130 mg/kg, i.p.) overdose. The brains were removed and immersed in 4 percent formaldehyde in saline solution. After a minimum of 1 week, the fixed brains were sliced by microtome (Microm HM 650 V; Microm International, Thermo Scientific, Waldorf, Germany) into 30-μm serial coronal sections (orientation according to Paxinos & Franklin 2001) to identify the location of the probes. In all subjects, the location of the probes was verified by microscope; data from the mice with probe placements outside of the nucleus accumbens were excluded from analysis. Figure 4 shows a schematic representation of the typical locations of the dialyzing portion of the probes implanted in the nucleus accumbens.
Drugs
Cocaine hydrochloride was obtained from the National Institute on Drug Abuse (Bethesda, MD). Cocaine was dissolved in 0.9 percent bacteriostatic saline and injected intraperitoneally in a volume of 10 mL/kg. Doses of cocaine were selected on the basis of preliminary doseranging experiments and/or published reports on the behavioral and neurochemical effects of cocaine (Puhl et al. 2015; Desai et al. 2010; Mereu et al. 2015) . Doses are expressed in terms of the free base.
Statistical analyses
Mixed factorial analysis of variance (ANOVA) and unpaired t-tests were conducted by using GraphPad PRISM software (version 7.03, GraphPad Software, Inc., La Jolla, CA) to analyze ICSS data. Fisher's least significant difference post-hoc tests were conducted by using Statistica software (version 12, StatSoft, Tulsa, OK) when appropriate.
Time course data from in vivo microdialysis experiments are expressed as a percentage of basal DA, glutamate and GABA values, which were calculated from the basal sample that was taken immediately before the first injection. The effects of each cumulative dose of cocaine were determined as the mean of at least two dialysate samples taken from all WT and SRÀ/À subjects immediately after each injection. All results are presented as group means (+SEM). Time course data and effects of cumulative dose were analyzed by using a two-way ANOVA (genotype and time and genotype and drug dose as factors, respectively) for repeated measures over time and dose; overall changes from basal levels were subjected to Dunnett's ttest. Differences among basal levels of extracellular DA, glutamate and GABA in dialysates from nucleus accumbens of WT and SRÀ/À mice were calculated as the mean of the last four consecutive samples from all WT and SRÀ/À subjects immediately preceding the first injection (Table 1 ) and were analyzed by using an unpaired t-test. All data were examined by using SIGMAPLOT 13.0 (Systat Software, Inc. San Jose, CA) or GraphPad PRISM 5.02 (GraphPad Software, Inc. La Jolla, CA). The results were considered significant at P < 0.05.
RESULTS
Effects of cocaine on ICSS responding in WT and SRÀ/À mice
Twenty-one mice were implanted with ICSS electrodes and trained to respond for electrical stimulation (see Methods section). Upon reaching stability criteria for ICSS responding, the mice received cocaine treatment and were included in the statistical analyses: 16 WT and 5 SRÀ/À. An unpaired t-test showed that there was no difference in the minimum current required to maintain ICSS responding between the two genotypes, P > 0.05 (Fig. 1) , suggesting that the mutation did not affect baseline sensitivity to the rewarding brain stimulation. ICSS thresholds and maximum response rates were analyzed by using repeated measures ANOVAs varying genotype (WT or SRÀ/À) and cocaine dose (0, 3, 6 or 12 mg/kg). For ICSS thresholds, significant main effects of genotype, F (1,124) = 13.80, P < 0.01, and cocaine dose, F (3,372) = 29.49, P < 0.01, as well as a significant genotype × cocaine dose interaction, F (3,372) = 18.50, P < 0.01, were found. The main effect of cocaine dose indicates that, overall, ICSS thresholds decreased (i.e. shifted leftward) in a dose-dependent manner when cocaine was administered. Post-hoc analysis showed that WT mice exhibited significant decreases in ICSS thresholds when cocaine was administered (P values < 0.01) when comparing ICSS threshold following saline versus 3, 6 and 12-mg/kg cocaine (Fig. 2) . In contrast, SRÀ/À mice exhibited no change in ICSS threshold following cocaine administration (P values > 0.05) when comparing ICSS threshold following saline versus 3, 6 and 12-mg/kg cocaine (Fig. 2) .
For maximum response rates, significant main effects of genotype, F (1,124) = 6.29, P < 0.05 and cocaine dose, Figure 1 Mean minimum current (μA) required to maintain ICSS responding in WT (n = 16) and SRÀ/À (n = 5) mice Data were calculated as the mean of the last four consecutive samples from all subjects immediately preceding the first injection. Significant differences between genotypes. *P < 0.05.
F (3,372) = 4.38, P < 0.01 were found. The main effect of cocaine dose indicates that, overall, maximum response rate increased in a dose-dependent manner when cocaine was administered. Post-hoc analysis showed that WT mice exhibited significant increases in maximum response rates when cocaine was administered (P values < 0.01), i.e. when comparing maximum response rates following saline versus 3, 6 and 12-mg/kg cocaine (Fig. 3) . Conversely, SRÀ/À mice exhibited no change in maximum response rates (P values > 0.05) when comparing ICSS threshold following saline versus 3, 6 and 12-mg/kg cocaine (Fig. 3) .
Effects of cocaine on nucleus accumbens DA, glutamate, and GABA efflux in WT and SRÀ/À mice We used in vivo microdialysis to measure basal and cocaine-induced changes in extracellular levels of DA, glutamate and GABA within the nucleus accumbens in SRÀ/À and WT mice (Fig. 4) . Table 1 Figure 5a -f shows the effects of cumulative doses of cocaine on extracellular levels of DA, glutamate and GABA in the nucleus accumbens in SRÀ/À and WT mice. The effects of vehicle injections on levels of extracellular DA, glutamate and GABA at the outset of the experimental session were not significantly different between the two genotypes (Dunnett's t-test: P > 0.05; Fig. 5a f); some modest non-significant increases in glutamate levels were observed in WT mice (Dunnett's t-test: P > 0.05; Fig. 5b and e) .
Cumulative administration of cocaine (3.2-56 mg/kg) produced a significant dose-dependent and time- (2001) with superimposed rectangles that show the confines within which the microdialysis probe tracks were considered to be in the nucleus accumbens shell or core. Data were only included from all subjects with probe tracts within the rectangles. The anterior coordinate (measured from the bregma) is located in each section dependent increase in DA levels above baseline and vehicle values in the dialysate samples from the nucleus accumbens in both genotypes ( Fig. 5a and d) . The twoway ANOVA indicated significant main effects of time [(F (12,108) = 44.0, P < 0.05], dose [F (4,36) = 59.7, P < 0.05], genotype × time [F (12,108) = 3.81, P < 0.05] and genotype × dose [F (4,36) = 5.53, P < 0.05] interactions, with non-significant main effects of genotype [F values (1,36-108) ≤ 2.80, P values > 0.05). Data from Fig. 5a and d show that the lower cumulative doses of cocaine (3.2 and 10 mg/kg) did not significantly increase levels of DA above baseline or vehicle values in either SRÀ/À or WT mice (P values > 0.05), whereas higher doses of cumulatively administered cocaine (32 and 56 mg/kg) produced significant increases in levels of extracellular DA in both SRÀ/À and WT mice after each injection (i.e. from approximately 120 to 180 minutes of the observation period; P values < 0.05). However, significant differences in extracellular DA levels emerged between the two groups as the cumulative dose of cocaine increased ( Fig. 5a and d) . Thus, the highest cumulative dose of 56-mg/kg cocaine produced significantly greater increases in extracellular DA levels in WT mice compared with SRÀ/À mice (633 ± 95 percent versus 394 ± 60 percent; Fig. 5d ) for approximately 20 to 60 minutes after administration (i.e. 140 minutes WT mice = 606 ± 98 percent versus SRÀ/À mice = 400 ± 59 percent; 160 minutes WT mice = 660 ± 101 percent and SRÀ/À mice = 389 ± 66 percent; and 180 minutes WT mice = 343 ± 60 percent versus SRÀ/À mice = 208 ± 33 percent; P values < 0.05; Fig. 5a and d) . Levels of DA returned to near baseline or vehicle values approximately 90-120 minutes after administration of 56 mg/kg cocaine (Fig. 5a ). , and GABA (c) in the nucleus accumbens of WT (n = 5) and SRÀ/À (n = 5/6) mice. Dialysate samples were taken from the nucleus accumbens every 20 minutes. Each arrow indicates time points at which incremental cumulative injections of cocaine were administered. Ordinates, percentage of basal DA, glutamate, and GABA level; abscissae, time in minutes after injection. Each point indicates the mean (±SEM) effect shown as of percentage of basal DA, glutamate or GABA levels; levels were uncorrected for probe recovery. (bottom row) Cumulative doseresponse. Changes in extracellular levels of DA (d), glutamate (e), and GABA (f) in the nucleus accumbens of WT (n = 5) and SRÀ/À (n = 5/6) mice after administration of cocaine are shown. Ordinates, percentage of basal DA, glutamate, and GABA levels; abscissae cumulative drug dose in milligrams per kilogram. Each data point represents the mean (±SEM) of at least two dialysate samples taken from all WT and SRÀ/À subjects immediately following administration of each cumulative dose. The filled symbols represent values that are significantly different from basal or vehicle values (i.e. at time point '0'). Significant differences between genotypes, *P < 0.05
Unlike the effects of cocaine on extracellular DA levels, cumulatively administered cocaine (3.2-56 mg/kg) produced a modest but significant dose-dependent and timedependent increase in glutamate levels above baseline and vehicle values in the dialysate samples from the nucleus accumbens in WT mice (P values < 0.05), but not SRÀ/À mice ( Fig. 5b and e) . Although the two-way ANOVA indicated significant main effects of time (F (12,108) = 2.66, P < 0.05) and dose [F (4,36) = 4.11, P < 0.05), variability among individual subjects did not permit statistical confirmation in grouped data, leading to non-significant main effects of genotype [F values (1,36-108) ≤ 3.02, P values > 0.05], genotype × time [F (12,108) = 0.64, P > 0.05) and genotype × dose [F (4,36) = 0.48, P > 0.05] interactions. Data from Fig. 5b and e show that the cumulative doses of 3.2 to 10-mg/kg cocaine did not produce statistically significant increases in extracellular glutamate levels above baseline or vehicle values and were generally comparable in SRÀ/À and WT mice (P values > 0.05). In contrast, higher doses of cumulatively administered cocaine (32 and 56 mg/kg) produced some modest but significant increases in levels of extracellular glutamate above baseline or vehicle values in WT mice after each injection (from 140 to 220 minutes after first injection; P values < 0.05), whereas glutamate levels remained near baseline or vehicle levels in SRÀ/À mice throughout the observation period (P values > 0.05; Fig. 5b and e) .
In both genotypes, cumulative administration of cocaine (3.2-56 mg/kg) produced no significant changes from baseline and vehicle values for GABA levels in the dialysate samples from the nucleus accumbens ( Fig. 5c  and f) . The two-way ANOVA confirmed non-significant main effects of time [F (12,108) = 0.86, P > 0.05), dose [F (4,36) = 1.24, P values > 0.05), genotype [F values( 1,36-108) ≤ 0.89, P values > 0.05), genotype × time [F (12,108) = 1.25, P > 0.05) and genotype × dose [F (4,36) = 2.10, P > 0.05) interactions. Data from Fig. 5c and f show that the cumulative doses of cocaine (3.2-56 mg/kg) did not significantly modify levels of GABA from baseline or vehicle values and were generally comparable in SRÀ/À and WT mice throughout the observation period (P values > 0.05).
DISCUSSION
The present studies were conducted to determine whether a null mutation of SR, an established risk gene for SZ that synthesizes the forebrain NMDAR co-agonist D-serine, affects the behavioral and neurochemical effects of cocaine. Consistent with previous ICSS studies (Gilliss et al. 2002; Roybal et al. 2007; DiNieri et al. 2009; Donahue et al. 2014) , cocaine produced a dosedependent decrease in ICSS thresholds and a corresponding increase in maximum ICSS response rates in WT mice. In contrast, impairing NMDAR function in constitutive SRÀ/À mice by reducing (>85 percent) Dserine levels prevented cocaine-induced augmentation of ICSS responding without altering maximum ICSS rates of responding. Thus, doses of cocaine up to 12 mg/kg did not alter ICSS thresholds in SRÀ/À mice, whereas doses of cocaine tested (3.0, 6.0 or 12 mg/kg) produced significant decreases in ICSS thresholds in WT mice, reflecting a reward-related effect (Fig. 2) . The failure of cocaine to induce a characteristic leftward shift in ICSS responding in homozygous SR knockout that exhibits a global disruption of NMDAR signaling not only highlights the importance of this receptor in mediating cocaine's behavioral actions but also suggests that SRÀ/À mice are much less sensitive to cocaine's rewarding and stimulant effects compared with WTs. This interpretation is consistent with data from our and other laboratories showing a diminished behavioral (e.g. CPP and locomotor sensitization) response to cocaine or other psychomotor stimulants (e.g., amphetamine and methamphetamine) in SRÀ/À mice compared with WT mice (Benneyworth & Coyle 2012; Horio et al. 2012; Puhl et al. 2015) . Taken together, our results from ICSS studies designed to assess the effects of genotype on the reward-related behavioral response to cocaine strongly suggest that hypofunction of forebrain NMDARs leads to a substantial decrease in the hedonic effects of this highly addictive substance.
What might account for the diminished hedonic effects of cocaine in the SRÀ/À mice? Previous studies have established that the behavioral effects of cocaine, including the rewarding and reinforcing effects that are thought to underlie abuse liability, are primarily mediated by the inhibition of DA transport and a subsequent increase in extracellular DA concentrations (e.g., Madras et al. 1989) . Recently, modulation of the mesocorticolimbic DA system, the circuit in the brain responsible for reward processing, by glutamatergic inputs from cortical and subcortical regions has also been implicated in regulating both rewarding and aversive mood states, which may drive maladaptive drug-seeking behaviors (see Carlezon & Thomas 2009; Hopf 2017 for a review). Thus, it is conceivable that differences in the interplay between DA and glutamate neurotransmission may provide an explanation for the blunted hedonic effects of cocaine observed in SRÀ/À mice relative to WTs. In this regard, our in vivo microdialysis experiments indicate that baseline levels of extracellular DA in the nucleus accumbens are nearly 70 percent greater in SRÀ/À mice compared with WT mice (Table 1) . This elevated DA output is accompanied by a significant approximately threefold increase in basal glutamate efflux without any alteration in extracellular GABA release. Interestingly, the effect of SRÀ/À induced NMDAR hypofunction on basal levels of accumbens DA and glutamate efflux mirrors previous observations after pharmacologically inhibiting NMDAR function with phencyclidine (Takahata & Moghaddam 2003) and following inhibition of NMDA receptors in the prefrontal cortex (Del Arco & Mora 2008) . Of interest, elevated subcortical DA release is also consistent with the moderate spontaneous hyperactivity observed in the male SRÀ/À mice (Basu et al. 2009) .
Consistent with previous studies in rodents (e.g., Mereu et al. 2015) , cocaine produced a dose-dependent and time-dependent increase in extracellular levels of DA in the nucleus accumbens of WT and SRÀ/À mice. However, the relative peak of extracellular DA concentrations after injection of the highest cumulative dose of cocaine (56 mg/kg) was substantially blunted in SRÀ/À mice by nearly 50 percent compared with WT mice; no differences were observed at lower cumulative doses of cocaine. In addition, cocaine failed to produce increases in glutamate efflux in the nucleus accumbens of SRÀ/À mice compared with WTs. These results are in line with a previous report by Horio et al. (2012) showing reduced methamphetamine-induced increases in extracellular DA in the nucleus accumbens in SRÀ/À mice that have been previously treated with methamphetamine compared with methamphetamine-treated WT mice. Together, our findings raise the possibility that NMDAR hypofunction and a consequent decrease in sensitivity to the stimulant and rewarding effects of cocaine are mediated by blunted DA and glutamate responses normally triggered by the drug. Another example of a link between receptor hypofunction and drug addiction stems from recent research showing that the α5 nicotinic acetylcholine receptor allelic variant that is hypofunctional is most robustly associated with tobacco smoking/nicotine addiction (Wen et al. 2016) .
Of interest, the elevated basal and blunted cocaineinduced increases in extracellular DA in SRÀ/À mice are consistent with the likelihood that the DA receptors have been desensitized by the chronically elevated synaptic DA. Such an interpretation is supported by data from previous research showing desensitization of the calcium signal associated with agonist activiation of DA D1 and D2 receptor hetro-oligomers (So et al. 2007) . Of course, other adaptive changes secondary to chronically elevated extracellular DA in nucleus accumbens may also contribute to the reduced hedonic effects of acute cocaineinduced increases in DA, such as upregulation of dynorphin expression (Berke & Hyman 2000) .
Anhedonia is a core negative symptom of SZ (Blanchard & Cohen 2006) , and individuals with SZ less frequently engage in motivated behaviors aimed at obtaining rewards (Strauss, Waltz, & Gold 2014) . Likewise, anhedonia is frequently reported in substancedependent individuals, especially during and after withdrawal (Garfield, Lubman, & Yücel 2014) . Anhedonia also increases the likelihood of relapse to drug abuse (Cook et al. 2010; Hatzigiakoumis et al. 2011) and is correlated with length of abstinence (Garfield et al. 2014) . Together, this evidence suggests an increased susceptibility to SA among individuals with SZ that may be due to shared neural substrates, including glutamatergic dysregulation (Coyle 2006) .
Although there has been some debate over whether negative symptoms in SZ contribute to stimulant abuse, Bennett et al. (2009) found more severe positive and negative symptoms in individuals with SZ who were abusing cocaine as compared with those who were cocaine free. As SRÀ/À mice reproduce the cellular pathology, cortical atrophy and cognitive impairments associated with negative symptoms in SZ (Balu et al. 2014) and because the SR gene, SRR and several genes expressing proteins downstream to SR are risk genes for SZ (Balu & Coyle 2015) , the SRÀ/À mouse is a genetic model of SZ, especially the negative and cognitive symptoms, with construct validity.
Based upon the evidence of a reduced hedonic response to cocaine in the SRÀ/À mice and their persistently elevated extracellular DA levels in the nucleus accumbens, we propose that NMDAR hypofunction creates a state in which cocaine becomes less potent and effective, and therefore, considerably higher doses of cocaine are required to achieve a hedonic response in individuals with SZ than in unaffected individuals. As a consequence, individuals with SZ who abuse cocaine are at markedly higher risk of developing severe physiologic dependency and withdrawal. Thus, contrary to our expectation that the high prevalence of SA in individuals with SZ was due to greater hedonic responses to abused substances, our results strongly suggest that the high prevalence of SA in these individuals may be related to their need for considerably higher doses of the drug to obtain a hedonic response, thereby increasing overall drug exposure and the likelihood of physical dependence and addiction (Koob & Volkow 2010) .
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